Price-adjusted data on national incomes applied in cross-country comparisons are measured with bias. By studying micro data, this paper finds that the bias is systematic: the poorer a country is, the more its income tends to be overestimated.
Introduction
There are huge differences between rich and poor people across the world. This is of primary concern to economists, as well as to the public at large. Subsequently, 1 Third, the PPP bias causes a significant and robust underestimation of international inequality: the Gini index increases substantially when correcting for the bias and the uncorrected real incomes of the PWT Lorenz dominates that of the corrected PWT real incomes. Finally, a study of 22 countries reveals that the convergence between 1970 and 1995 is overestimated. When correcting for the PPP bias, the predicted convergence is relaxed.
Although an enormous number of macroeconomic studies rely on the PWT data, very few studies focus on the measurement bias in this data set. There are some contributions, however, that focus on one part of the bias, the so-called substitution bias of the PWT variables, and they apply macro data to measure it (Dowrick and Akmal, 2005; Hill, 2000; Neary, 2004; Nuxoll, 1994) . All of these studies find the same trend: international income differences tend to be underestimated in the PWT data. The finding of underestimation of inequality is in line with the findings in this study.
The main methodological contributions of this paper are twofold. First, by applying micro data from household surveys, inaccuracies arising from aggregation techniques are avoided. Second, the specific method based on Engel curve estimation makes it possible to estimate the overall PPP bias, and to calculate the corrected real incomes by correcting for this bias. When we have estimates for the corrected incomes, we are able to discuss real inequality and convergence rates and compare them to the uncorrected measures based on PWT data.
The problems faced when constructing PPPs are in essence analogous to those faced when constructing consumer price indices (CPIs). One of the novelties of this paper is that it acknowledges and exploits this analogy by applying Hamilton's method for estimating CPI bias to estimate PPP bias (Hamilton, 2001 ). This method utilizes the stable relation between the budget share for food and total expenditure to measure PPP bias. Engel curves for food are estimated by applying micro data from different countries and the macro price variables from the PWT. Household real incomes are made comparable by deflating household total expenditure by the macro price variable for consumption given in the PWT. As is standard in this method, the main assumption is that there is a stable relationship between the budget share for food and real incomes across countries, i.e., that there exists a unique Engel relationship for food in the world. Any systematic difference in the estimated Engel relationship between a country and a base country, reveals the PPP bias for the respective country relative to the base country.
Several robustness checks are conducted and reported in Appendix C, one of which tests whether the functional form fits the data in the study. None of the robustness checks changes the main findings. We have no reason then to think that misspecification drives the results of this paper.
The paper is organized as follows. Section 2 discusses the causes of the bias and why the Penn World Table is biased in a systematic way. Section 3 describes the empirical methodology in more detail. Section 4 describes both the micro data and the macro price variables from the PWT that are applied in the analysis. The analysis and main findings are presented in section 5. Section 6 discusses whether we have experience convergence or divergence in the last few decades, while section 7 compares the corrected measures to the exchange rate-based measures. Section 7 concludes.
Explaining the Bias
The PPP bias stems from two problems well known in the price index literature: namely, bias caused by differences in quality, and substitution bias (Costa, 2001; Hamilton, 2001; Hill, 2000; Neary, 2004) . Most PPP calculations, among them the Geary-Khamis calculations presented in the PWT, belong to the group of fixedbasket calculations. In a fixed-basket calculation, homogenous goods are needed for the purpose of comparison. The problem related to this is that the same goods are not consumed in all countries, and specifically, the quality of goods varies both over time and across countries. For example, it is not clear whether the observed price difference in cars between Russia and the US reflects differences in the quality between the brands available in the two countries or some real price difference. Furthermore, there may be goods that exist in some but not all countries. For example, comparing the price of Pakistani gur, a sugar substitute, to that of Norwegian sugar substitutes is hard, because of the fact that sugar substitutes are not consumed in Norway. The same problem as when quality differs occurs in this situation: gur and sugar have to be put in the same broad goods category, and we are unlikely to pick up the quality difference between the two in a proper way.
Furthermore, in a fixed-basket calculation, a set of cross-country comparable macro price variables is constructed and applied to evaluating the different countries' realized consumption bundles. Hence, the fact that consumers would have substituted their consumption away from relatively more expensive goods towards relatively less expensive goods if faced with the constructed price level is not taken into account. Thus, if consumers do not have Leontief preferences, both PPP and CPI measures belonging to the group of fixed-basket calculations inherit a substitution bias.
Both these problems, the problem of differences in quality and the problem related to substitution in consumption, deliver systematic biases. As poorer countries tend to have lower quality products than richer countries, we thus tend to overestimate poorer countries' income because of the omittance of quality. Thus, we have reasons to expect that the problem of measuring quality correctly leads to a systematic overestimation of poorer countries' income relative to richer countries' income.
Second, the further away from a country's own price structure the reference price vector for comparison is, the greater its measured income tends to be (Nuxoll, 1994) . The Geary-Khamis method, that underlies the Penn World Table applies a reference price vector that is calculated by a function weighting all prices and quantities. Thus, if the reference price vector is closer to the richer countries prices, the measured inequality will be lower than if the price vector gave equal weight to each country independent of its income level. The reference price for good i is given by:
where q ij is the quantity of good i consumed in country j, p ij is the price of good i in country j and P P P j is the overall price index of country j and N is the total number of countries in the system. This equation gives an indication that the GearyKhamis method gives a higher weight to richer countries' prices as the derivative of the reference price of good i with respect to the local price of the same good in country j relative to the overall price level in this country, is given by:
We see that this derivative is larger, the higher the quantity of this country is relative to other countries' quantity of this good, i.e., the richer this country is in terms of consumption of this good. However, the overall price level of country j, P P P j , is endogenous and given by
We therefore have to consider the overall effect of the price in country i in order to find the effect of being richer on the weight in the reference prices. It is more complicated to calculate the overall effect of country j's prices on its own weight in the construction of the reference price level. Appendix B studies this question in the special case of two countries and two goods, and shows that the cross derivative of the reference price with respect to quantity and price is positive, i.e., the richer you are, the greater the weight given to your price level when constructing the reference price level. Thus, we can expect that the substitution effect causes a systematic bias: because the reference price vector is closer to the richer countries' prices, the poorer countries' incomes tend to be overestimated relative to the richer countries' incomes.
The substitution effect is similar to so called Gerschenkron effect in the growth literature. Gerschenkron (1947) made the observation that the earlier the base year, the higher the measured growth rate. The Gerschenkron effect arises with aggregation methods that use either a reference price structure or a reference volume structure to compare countries. For methods employing a reference price structure, e.g. the Geary-Khamis method underlying the PWT, a country's share of total GDP (that is, the total for the group of countries being compared) will rise as the reference price structure becomes less characteristic of its own price structure. The Gerschenkron effect arises because of the negative correlation between prices and volumes. In other words, expenditure patterns change in response to changes in relative prices because consumers substitute their expenditure away from relatively expensive goods, towards relatively cheap goods (OECD, 2007; Gerschenkron, 1947; Hill, 2000; Nuxoll, 1994) . The analogy to cross-country comparisons is evident: the further away a country's price structure is from the reference price, the greater its measured income.
Empirical Methodology
This paper estimates national Engel curves for food, i.e., the relationship between the household budget share for food and household real income, based on household micro data from nine countries. The reason for estimating Engel curves for food and not other items is that food has two properties that are needed in order to identify the bias. First, food has an income elasticity different from unity. In order to identify the PPP bias, the coefficient for the logarithm of income is needed in addition to the country dummy coefficient. If the income elasticity was equal to unity, however, it would be impossible to estimate such a coefficient.
Second, studies show that the Engel curve for food is stable, both over time and across societies (Banks et al., 1997; Beatty and Larsen, 2005; Blundell et al., 1998; Leser, 1963; Working, 1943; Yatchew, 2003) . This stable relationship is exploited in order to measure the bias in the PPP-adjusted measure of national real incomes.
In this study, the macro price variable for consumption, P j , given in the PWT, is used to make household incomes comparable across countries. The bias in P j is by definition country specific. Hence, the dummy coefficients can be utilized to measure the biases in the P j 's.
Empirical framework-Econometric specification
The standard almost ideal demand system (AIDS) specification is the following:
where m h,r,j is the budget share for food of household h in region r, country j. y h,r,j is the nominal income of household h in region r, country j, and P j is the composite price of consumption in country j. P f,r,j is the price of food in region r, country j, and P n,r,j is the price of nonfood items in region r, country j. X h,r,j is a vector of demographic control variables for household h in region r, country j, which includes the age of the household head, the number of children and the number of adults in the household. There are no regional cross-country comparable price data available for the countries in the study and, therefore, the coefficient for relative prices, γ, cannot be estimated. Consequently, the main estimation excludes the relative prices between food and nonfood items, and thus, implicitly assumes that the budget share for food is unaffected by relative prices. However, we have observations on national relative prices for five countries and a robustness check for relative price effects is conducted in section 5.
When excluding the relative price effect, (1) can be simplified to:
Denoting the biased macro price variable for consumption given in the PWT P j and the PPP bias for country j, E j , the unbiased corrected price variable P j , can be expressed as follows.
Equation (2) can, thus, be expressed as follows.
where D j is the country dummy. The country dummy coefficient, d j , is a function of the PPP bias, E j , and the coefficient for the logarithm of real income, b:
The specification given in (4) is the preferred specification of this paper and the PPP bias is, thus, given by
Because the budget share for food is decreasing in income (i.e., b is negative), the estimated bias is larger than one as long as the estimated country dummy coefficient is positive. Whenever the bias is larger than one, the PWT consumption price is underestimated and the real income of the country is thus overestimated. The larger the estimated country dummy coefficient, the larger the estimated bias, and the larger the bias, the more the macro price level for consumption is underestimated. Subsequently, the larger the bias, the more national per capita real income is overestimated.
Data
The Engel curves are estimated from micro data in order to reveal biases in the macro price variable for consumption in the PWT. This section discusses the micro data and the macro price variables in turn. Section 4.1 discusses the micro data, section 4.2 discusses the macro price variables, while section 4.3 discusses the UN data used in the extension model of section 5.
Micro data from household surveys
The main estimation of the preferred specification includes 52,543 households from nine countries. Table 1 The nine countries have been picked from available nationally representative studies in order to maintain both a geographical spread and a combination of lower and higher income countries.
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It is demanding to harmonize data from different studies. Therefore, this analysis relies most heavily on surveys that are available from already harmonized sources, such as the LIS and the LSMS. There are no panel data available for the lower income countries, which limits the choice of estimation techniques. Moreover, scarcity of data for some of these countries also limits the inclusion of explanatory variables.
In the main estimation of the preferred specification, all households are included, and the adult equivalence scaling of the OECD is applied in order to adjust for household composition and size. In the robustness analysis, other estimations are conducted-among them an estimation of the preferred specification using the 4,968 households with two adults and two children. This robustness check exploits one of the advantages of using micro data: it is possible to analyze households of the same composition and size in order to avoid inaccuracies because of heterogeneous household composition.
[ Table 1 Many of the households included in the analysis are farm households, and for these households, home-produced food amounts to a considerable part of total household consumption. In order to consider this, home-produced goods are included in the expenditure variables.
Macro price variables
In the standard AIDS specification, three macro price variables are included. The first, P j , is a composite price index for all consumption goods in country j, which is constructed by the Geary-Khamis method and presented in the PWT. The remaining macro price variables are the composite price index for food items, P f,r,j , and nonfood items, P n,r,j , respectively.
The household surveys are conducted in different years, and thus, the macro price variable for consumption in the PWT has to be taken from different years. The consumption price reported in the PWT is given in current prices, and consequently the US exchange rate, as well as the US consumer price index, is applied in order to make the real income levels comparable across countries and time. The macro price variable for consumption and the exchange rate are taken from the Penn World Table 6 .1 (Heston et al., 2002) . The US CPI is taken from the World Bank's World Development Indicators (WDI) online (World Bank, 2007).
The preferred specification (equation (4)) does not include relative prices between food and nonfood items (ln
). The reason for this is simply the lack of data. Unfortunately, cross-country regional price data for food and nonfood items do not exist. Very few countries report regional price variation, and if they do, it is done relative to some base year. That is, the price in one region is compared to the price level of that same region in a different year. Thus, these cannot be used in crossregional comparisons for specific years. The same applies to national price indices, e.g., the food price index produced by the World Bank. These are also only defined relative to a base year, and thus, cannot be used to compare relative prices across countries.
The International Comparison Project published cross-country comparable national prices for food and nonfood items for the year 1980 (phase IV, can be found at Neary, 2006) . By combining these prices with the World Bank's price indices, comparable national relative prices for Hungary, the USA, France, the United Kingdom, and Italy are calculated. It is, however, impossible to identify the coefficient of the relative price within the data set, because we do not have regional price data. To overcome this problem, Costa's (2001) estimated coefficient for relative prices, γ, is applied in one of the robustness checks in section 5. Using Costa's estimated coefficient, national relative price levels for the five countries are included and hence the relative price effect is taken into account in this estimation.
UN data used in the extended model
Once the World Engel curve for food is estimated from the household studies included, other years and other countries can be included. Such an extension is done in this paper, and mean data from the UN Statistics Division, Common database, is applied in order to do so. 983 new mean consumption and budget shares are included, covering 46 different countries and observations from 1970 to 1995. Final household expenditure in national currency, at current prices is applied. The PWT price of consumption and exchange rate are used in order to make the final household consumption comparable between countries and years.
In order to find the household mean of the logarithm of income from the mean household income, the estimated distributions of Sala-i-Martin (2006) are applied.
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The demographic controls are from the UN as well. Children and adults, and subsequently the OECD adult equivalence scaling, can be calculated directly. The age of the household head is approximated by using the relationship between life expectancy and age of household head estimated from the nine household surveys that serve as the background for the main analysis in this paper.
Analysis and Findings
In this section, two models and two data sets are studied. First, the main model estimated based on household surveys from nine countries is studied, and the findings from this model are discussed in detail. Second, an extension of the model is presented, and aggregated UN household data are applied in order to study whether we can generalize from the findings of the nine countries.
Main model based on household surveys
[ Table 2 about here.]
The regression results are presented in Table 2 . The preferred model is the model that applies the OECD adult equivalence scale in order to adjust for household composition and size. The estimated coefficients for the preferred specification are 6 It is necessary to utilize information on the distribution in addition to the mean of household expenditure, because we know that the mean of the logarithm of x is not equal to the logarithm of the mean of x (ln(mean(x)) = mean(ln(x))). 7 The OECD adult equivalence scale gives the value 1 to the first person in the household, 0.7 to each additional adult and 0.5 to each additional child (less than 16 years of age).The number given in column one. The estimated income elasticity of food is slightly smaller than in related studies (Costa, 2001; Hamilton, 2001 ). The US country dummy coefficient is by construction equal to zero, and the dummy coefficients for Azerbaijan, China, Nicaragua, Côte D'Ivoire, Hungary, France, the United Kingdom, and Italy are used to measure the PPP bias relative to the US bias. The first main finding in this paper is that the biases in the national incomes given in the PWT are substantial and significant: all country dummy coefficients are significantly different from zero. All countries except for the United Kingdom have a positive dummy coefficient; i.e., the macro price variables in the PWT underestimate the macro price levels compared to the US macro price level. Thus, all countries' real incomes, except for the United Kingdom's, are overestimated relative to the US real income in the PWT. The estimation shows that the group of non-OECD countries, China, Nicaragua, Azerbaijan and Côte D'Ivoire, have substantially higher dummy coefficients than the OECD countries. China has the highest dummy coefficient, whereas Nicaragua and Azerbaijan have slightly smaller dummy coefficients. The United Kingdom has a negative dummy coefficient. This implies that its real income is underestimated relative to US real income.
[ Figure 1 about here.] Figure 1 presents the second main finding of this paper: there is a decreasing relationship between the PPP bias and national real income levels. The measured bias is much higher for the poorest countries than for the richer. It is clear from Figure  1 that the overestimation of the poorest countries' real income is substantial. For China, Azerbaijan and Nicaragua, the real income is overestimated by a factor of around four compared to the US. Hill (1994) finds that the PWT data overestimate some countries income by a factor of two. As Hill (1994) only measures the substitution bias, we see that the empirical findings support the expected effect of omitting quality: poorer countries' income tends to be overestimated because of the failure to capture the fact that the products of poorer countries tend to have lower quality than those of richer countries. The observation that both omittance of quality and the substitution bias seems to make poorer countries' incomes overestimated relative to the richer countries' incomes, i.e., the overall bias is larger than the substitution bias for the poorer countries, supports the main intuition given in section 2.
of households differs substantially among the countries. Despite this, the weight given to each household is the same. Two different weighting techniques have been conducted as a part of the robustness analysis, neither of which changes the main result: a weight equal to the population in the respective household's country and a weight equal to the ratio of observations relative to the population of the country of residence. Table 3 reports different measures of international inequality all relying on the Gini index, where the first column reports the estimated inequality based on the PWT data and the second column reports the estimated inequality based on the corrected incomes. The third column reports the measured inequality based on the so-called exchange rate-based method that we will return to in section 7.
We can see that the Gini increases substantially when correcting for the PPP bias, for both the unweighted and the population-weighted measures. While the unweighted Gini index increases from 0.45 to 0.58 when correcting for the bias, the population-weighted Gini increases from 0.58 to 0.73. It is relevant to discuss whether this observed increase in inequality is robust; that is, will other inequality measures also find an increase in inequality, or is the choice of applying the Gini index essential for this finding? Figure 2 presents the Lorenz curves for uncorrected and corrected real incomes, respectively. The Lorenz curves show that the distribution of real incomes based on the biased macro price variables from the PWT Lorenz dominates that of the corrected real incomes. Hence, we have the robust conclusion that inequality is underestimated in the PWT according to any reasonable inequality measure. 
An extended model
We can apply the estimated Engel curve to estimate PPP bias for years and countries where we do not have detailed household surveys. If we have minimal information on household consumption from surveys without having the detailed surveys themselves, we can utilize this information to estimate the PPP bias for these countries and years. Instead of finding and utilizing the systematic deviation of households consumption pattern when deflated by the PWT prices in one country from the estimated Engel curve, we find and utilize the deviation of the mean of household consumption when deflated by the PWT price from the estimated Engel curve.
We know that if there were no PPP bias and the estimated Engel curve represented the world Engel curve for food, the relationship between the budget share 8 Milanovic's (2005), household survey application is an important contribution on the topic of inequality. The international inequality is equivalent to concept 1 inequality found in Milanovic (2005) , whereas population-weighted inequality is equivalent to his concept 2 inequality. 9 All measures that satisfy the Pigou-Dalton criterion, which is uncontroversial, support this conclusion (Fields and Fei, 1978; Sen, 1997) .
for food and real income, when deflating by the PWT price level of consumption for a country, should be found on the world Engel curve. However, if the real income deviates from the estimated Engel curve, this can be utilized to find the bias in the PWT consumer price for this country. Moreover, if knowing the mean household budget share for food and the mean household nominal income in the currency of the estimated Engel curve, in addition to knowing the mean household demographic controls for a country, these data in addition to the estimated Engel coefficients can be applied to estimate the true price level of consumption for this country. From equation (2), we know that:
where m If we normalize this, and set the true price index for country j equal to unity, P j = 1, and apply the estimated coefficients of a, b and θ, the estimated corrected price of consumption for this same country can be expressed as follows:
where a, b and θ are the estimated coefficients for the Engel curve and X t k and m t k are the mean household demographic controls and the mean household budget share for food, respectively. ln y t k is the estimated mean household logarithm of nominal expenditure, by using the mean total household expenditure and some information on the distribution of income.
Generalizing the results
In this section, based on the estimated Engel curve and UN data, we estimate the bias for 46 countries in different years, totaling altogether 983 observations. The PPP biases for these 983 observations are estimated. When pooling together these 983 observations, the main results hold: that is, the poorer countries tend to have a higher bias than richer countries, and the bias is systematic-the poorer the country, the higher the bias. Subsequently, the inequality among countries increases substantially when correcting for the PPP bias. Figure 3 shows the relationship between the bias and the corrected PWT real incomes. The line labeled lowess gives the smoothed line for the relationship between the bias and the real income of a country.
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[ Figure 3 about here.] Table 4 gives the Gini for the uncorrected and corrected measures when extreme values are excluded, as well as when they are included. We see that the Gini coefficient increases substantially, and more so when the extreme values are included.
[ Table 4 about here.]
The findings in this section show that the bias is systematic and the inequality is also substantially underestimated for these 983 observations, and thus the findings of the main model are robust and not dependent on the nine countries in study.
Convergence or Divergence?
Basing the analysis on means gives us data on real incomes over time. Thus, the highly debated question of convergence versus divergence can be properly analyzed. Based on the corrected data, we can investigate whether the per capita real incomes converged, i.e., inequality between countries decreased, or diverged, i.e., inequality increased, between 1970 and 1995.
We have observations from 22 countries for all years from 1970 until 1995.
11 Table 5 gives the Gini coefficients for the first and last years of this period. We can see that the PPP measure gives a very high convergence rate compared to the corrected measure. Again, the exchange rate-based method is discussed in the next section.
[ Table 5 about here.]
10 The ten percent with the highest bias and the ten percent with the lowest bias are removed.
The analysis here will focus on these 80 percent of observations in the middle of the distribution. As shown, the results are strengthened even further if the extreme observations are included. 11 The countries that we have observations on are Belgium, Canada, Denmark, Ecuador, Finland, France, Hong Kong, India, Iran, Ireland, Israel, Italy, Japan, Republic of Korea, Mexico, Norway, Singapore, South Africa, Sweden, Switzerland, Thailand and the United States. There is here a possible self-selection problem here, as it may be more likely to have good data from richer countries and countries with higher growth rates. At some later stage, however, the analysis will be extended to cover more countries and an effort made to include countries from the poorest regions, such as Africa South of Sahara (i.e., countries other than fast-growing South Africa). This can be done because we have observations on many of the years for many of the omitted countries. Figure 4 displays the Lorenz curves for the uncorrected PWT measure, whereas figure 5 displays the Lorenz curves for the corrected measures. We can see that by applying the uncorrected measure, we obtain a more robust conclusion for convergence because the 1995 distribution Lorenz dominates that of 1970. When correcting for the PPP bias, however, the curves cross and we do not have the robust conclusion of convergence.
[ Figure 4 7 Exchange rate-based method Throughout the paper, the PWT incomes have been compared to the corrected incomes. In this section, we will turn to a different method, namely the traditional exchange rate-based method, in order to investigate whether this method produces estimates closer to the corrected real incomes. The exchange rate-based method simply transforms each country's income into a common currency, for example US Dollars. Applying the exchange rate-based method makes us implicitly assume that the classical assumption of purchasing power parity holds, as it does not correct for price differences not reflected in the exchange rate.
We can see from both table 3 and table 4 that the measured inequality based on the corrected PWT incomes is closer to the measured inequality based on the exchange rate-based method, than measures based on the PWT incomes. Furthermore, we can see from table 5 that the measured rate of convergence of the exchange rate-based method is closer to that based on PWT data. This could indicate that the traditional assumption that purchasing power parity holds, however implausible, may be a better approximation than applying the PPP-adjusted incomes of the PWT. The PWT does not report exchange rate-based measures, and UN measures and the PWT measures may thus differ in other respects than the price adjustment. Hence, in order to avoid a comparison of 'apples and pears' we focus on the UN measures in this section, and compare the UN PPP measures to the UN exchange rate-based measures. The UN PPP measures are found using the UN consumption estimates deflated by the consumption price from the PWT. The PPP bias of the UN real incomes have exactly the same trend as the PWT PPP bias; the bias decreases with real income.
In order to compare the UN PPP measures, the UN exchange rate-based measures and the corrected UN measures, we have to normalize them. This is done by applying the corrected measures as a base and then normalizing so that each country's income in each year is measured as a share of the total income; total income being the sum of all country incomes over all years. Again, we pool all observations together, and thus the share has no specific interpretation; it is merely a tool to normalize measures so that they are comparable. Figure 6 presents a scatter plot of corrected UN real incomes and the ranking of the corrected PWT incomes. We can see that there is not an exact match between the corrected UN and the corrected PWT measures, because the scatter does not follow a monotonically increasing line. However, as shown, the smoothed line increases monotonically.
[ Figure 6 about here.] Figure 7 displays the relationship between the UN PPP measures and the ranking of the corrected PWT measures, whereas figure 8 displays the relationship between the UN exchange rate-based measures and the ranking of the PWT measures. As shown, none of the measures is exact. In order to compare the different measures to the corrected UN measures, we construct a lower and upper bound around the kernel of the corrected measures that corresponds to the 95 percent confidence interval around an estimated relationship. Figures 9 and 10 investigate the smoothed line for the PPP-based measures and the exchange rate-based measures, respectively, and compare these to the upper and lower bounds of the kernel for the corrected measures. We can see clearly from figure 9 that the UN PPP measures overestimate the incomes of poorer countries relative to richer countries. This illustrates the systematic relationship between the PPP bias and real income of a country: that is, the poorer a country is, the more its real income tends to be overestimated relative to the richest country.
[ In figure 10 , the exchange rate-based method is compared to the lower and upper bounds, and we can see that the exchange rate-based method gives a smoothed line that is closer to the bounds than the smoothed line for the UN PPP measures. However, the exchange rate-based line also lies outside the bounds for most income levels, and thus there is considerable bias in the exchange rate-based measures.
[ Figure 10 about here.] Why would we expect the exchange rate-based measures to be biased? First, the fact that we do not control for price differences delivers bias. As the poorer countries tend to have lower prices for many goods, we would expect the differences in prices to deliver an opposite bias to the ones we have studied before: that is, we would tend to underestimate poorer countries' real incomes when assuming that purchasing power parity holds. However, this is not the only effect. Quality is not picked up properly in exchange rate comparisons either, and thus we have two opposing effects delivering bias. It is obvious that as long as the bias related to differences in prices is very large compared to the other bias generating factors, the fact that we have two opposing effects makes the exchange rate-based measures closer to the true real income levels than the PPP measures. As we do not decompose the bias, the magnitude of each factor is an empirical question and, consequently, whether the traditional framework of assuming that purchasing power parity holds gives better estimates than the PWT is an empirical question, too.
Concluding Remarks
This paper finds that there are significant and substantial biases in the national incomes given in the PWT. Furthermore, there is a systematic relationship between the PPP bias and the national income of a country: the poorer the country, the more its income tends to be overestimated relative to a base country. Consequently, the PPP bias causes the significant and robust underestimation of international inequality: the Gini index increases substantially when correcting for the bias and the uncorrected real incomes of the PWT Lorenz dominates that of the corrected PWT real incomes.
The bias also influences the measured convergence rate. For 22 countries, the predicted convergence between 1970 and 1995 is relaxed when correcting for the PPP bias. The finding of convergence is robust for the uncorrected measures, as the Lorenz curve for 1970 Lorenz dominates that for 1995. However, when correcting for the PPP bias, the two Lorenz curves cross, and the finding of convergence is not robust.
Several robustness checks reported in appendix C, shows that the main findings are not driven by specification of an incorrect functional form, differences in relative prices or household composition. However, this study, as well as other studies based on micro data (or macro data deduced from micro data), could have benefited if more studies were available and already harmonized. It will be interesting to consider future work that uses even more detailed data than what is readily available now.
First, if panel data sets existed for poor countries, as it does for OECD countries, it would be possible to use more sophisticated estimation techniques. Second, if one data set existed with harmonized data for both rich and poor countries, it would be less demanding to do cross-country comparisons based on micro data, and more than nine countries could be included in the estimation of the Engel curve. Section 2 and appendix A provide explanations of the bias, and show that we can expect the bias to be systematic in the way we find in the empirical analysis. In addition, Dowrick and Akmal (2005) and Nuxoll (1994) provide some theoretical support for the empirical finding that income differences are underestimated in the PWT. It is open for future research to generalize these insights for the Geary-Khamis method.
Appendix A The Substitution Effect ... the direction and magnitude of bias in GK (Geary-Khamis) bilateral income ratios depends on whether the GK price vector corresponds most closely to the relative price structures of high income (high productivity) countries in which case most bilateral ratios will be underestimated or whether the GK price vector corresponds most closely to the relative price structures of low income (low productivity) countries in which case most bilateral ratios will be overestimated. The former situation is most likely to apply given that the GK method weights each country's price vector by its share in total GDP, implying that more weight is given, ceteris paribus, to the price vectors of the richer countries. [Dowrick and Akmal, 2005, our emphasis.] This appendix shows it is not only more likely that the former situation will apply, but that this follows by construction (at least in the framework considered in this appendix).
A.1 Geary-Khamis Constructed World Prices
The Geary-Khamis method, underlying the PWT, calculates a vector of reference prices applied for comparison:
The main question that we study here is whether the reference price vector resembles the prices of the richer countries more than that of the poorer countries. That is, we investigate whether the price vector of a rich country j, [p j1 , p j2 , ..., p jm ] is given a greater weight when constructing the reference price vector Π, than that of a poorer country, f ,
In the specific situation of two countries and two goods in the system, this boils down to finding whether the two prices in a rich country, 1, are given a greater weight in the construction of the two reference prices, than a poorer country, 2. The way this is investigated is to compare the influence of country 1's prices on the reference vector Π in a situation where country 1 and 2 are equally rich, to a situation where country 1 is richer. Rephrasing this, we ask the following. From a situation where both countries are equally rich in the sense that they consume equal amounts of both goods, what happens if country 1 gets richer? Country 1 can get richer in three different ways. First, it can start consuming more of both goods. Second, it can start consuming more of one of the goods and not the other. Third, it can start consuming more of one good and less of the other good, but in such a way that the total expenditure level in the country is higher than that of the other country, (π 1 + ∆π 1 )∆q 11 + (π 2 + ∆π 2 )∆q 21 > 0. The last situation can always be reformulated so that it can be analyzed in the same way as the second situation. The results for the first situation are shown below. The main results for the second situation are equal to that for the first situation and are not reported.
The weight a specific price p ij is given in the construction of a specific reference price, Π i , is given by the derivative of the reference price with respect to the specific price:
Hence, in order to study the change in the weight of a country when it is getting richer than the other, the change in this weight of getting richer has to be considered.
In the two-good, two-country situation under consideration here, this boils down to finding the change in the direct effect of p 11 on the reference price of good 1 and the change in the indirect effect of the price of the other good p 21 on the reference price of good 1, when country 1 is getting richer, studied by a situation where the consumption of both goods increase by an equal proportion, a:
Hence, the answer to the question of whether country 1's price is providing a greater weight in the construction of the reference price vector, can be answered by finding the sign of the derivative:
).
In the two-country, two-good situation, the Geary-Khamis system, given in equation (1) and (3), collapses to:
where q ij is the quantity of good i consumed in country j, p ij is the price of good i in country j and P P P j is the overall price index of country j given by:
In this setup, the weight of country 1's price of good 1 in the reference price of good 1 is given by: 
Consider the first situation, where country 1 is getting richer than country 2 by the following change: ∆q 11 = ∆q 21 = a. The weight of country 1's price of good 1 in the construction of the reference price of good 1, is then given by: (18) is positive.
Applying maple to minimize the expression in (18), we find that this can never be negative, as the minimal value is zero. When forcing all quantities and prices to be strictly larger than zero, however, the minimal value is a small value, larger than zero. The maple output from the minimization procedure is given in table 6. We can see in the first column that the minimal value of the expression in (18) is zero when the price of both goods in country 2 is zero. In the situation where both prices are zero in country 2, country 2's prices will have zero weight in the construction of the reference prices (this can be solved from equation (16)). Thus, the prices of country 1 are given maximal weight in this situation, and becoming richer will not influence the weight.
However, the minimal value is never negative, and by forcing prices and quantities to be strictly larger than zero, the effect of getting richer is positive.
[ Table 6 about here.]
Appendix B Robustness Analysis
This appendix conducts four different tests of robustness of the estimates from the main model based on nine countries. The main results are sustained in each of the tests. First, the preferred specification given in (4) is estimated on the subset of households with two children and two adults, in order to test whether differences in household composition influence the main results. Second, an alternative specification is considered by applying the OECD adult equivalence. Third, a semiparametric analysis is conducted in order to study whether the functional form fits the data in the study. Fourth, relative prices are included and the standard AIDS specification given in equation (1) is estimated on the subgroup of our sample where relative prices are available, i.e., on the households in the five countries in which cross-country comparable relative prices exist. Except for the semi-parametric analysis, the figures illustrating the results are presented in the appendix.
B.1 Household composition
The first robustness check is conducted in order to study whether inaccuracies caused by heterogeneous household composition affect the main findings. In order to avoid effects from household composition and size, we restrict our analysis to households consisting of two children and two adults. In the total sample, there are 4,968 such households, and equation (4) is estimated on this subsample. The regression results are reported in the second column of Table 2 . The four non-OECD countries also have the highest bias in this estimation, and the main picture given in Figure 1 , is sustained. Côte D'Ivoire has the highest measured bias in this estimation, and China follows as the country with the second largest bias. Nicaragua and Azerbaijan have slightly smaller measured biases than China. The dummy coefficient for France is no longer significantly different from zero; that is, we cannot statistically distinguish the bias of the macro price variable of France from that of the USA. The measured bias is greater the lower the real income as shown in figure 11 . Table 7 reports the Gini indices for this robustness check. The Gini indices also increase substantially in this case, from 0.45 to 0.58, and we still obtain Lorenz dominance of the uncorrected measures (see figure 12) . Hence, household composition does not seem to be crucial for our results. We also note that the estimated income elasticity is more in line with other related studies than the main estimation (Costa, 2001; Hamilton, 2001 ).
[ Figure 11 about here.]
[ Table 7 A main concern with the method applied in this paper is to what extent the functional form specification is restrictive. In order to study the functional form, a semi-parametric analysis based on differencing is conducted. All variables, except the logarithm of real income, are included linearly in the regression. The robustness check, thus, investigates whether the log-linear relationship between the budget share for food and real income fits the data well. Figure 13 shows the kernel regression between the budget share for food and the logarithm of real income after the effect from the other variables is differenced away. The kernel regression function is linear where the curve is precisely defined, i.e., where the upper and lower bounds from the bootstrapping coincide with the kernel itself. The semi-parametric analysis, thus, confirms that the log-linear relationship between the budget share for food and real income assumed in equation (4) fits the data well. As we would expect, it fits better for the medium to high income levels where we have more observations, than for the fewer observations in the lower tail of the income distribution.
For the lower incomes, the line does not seem to be completely linear and we have a group of observations to the southwest of the line of the specified functional form. If this were the true functional form, the fact that the curve was not completely linear would give a downward effect on the dummies for the poorest countries. The estimated dummies for the poorest countries are larger than unity, however, and thus our estimates would be conservative estimates if the functional form of figure  13 were the correct one and not the log-linear form. However, we consider the line given in figure 13 to be log-linear in the sense that we cannot reject the functional form assumed in this analysis.
B.3 Including relative price effects
Given that comparable national relative prices are available for five of the nine countries in the study, we examine whether including these relative prices changes the main results of this paper. This is done by estimating equation (1) on the subsample of households in the five countries that have these prices available, and applying the significant relative price effect estimated in Costa (2001) .
Given that the coefficient for the relative price is already estimated in Costa (2001), one new net variable is constructed. The left-hand side dependent variable is now the difference between the budget share for food and the effect of relative prices given in equation (8) . The coefficient of the logarithm of relative prices is assumed to be equal to 0.006, Costa's estimated coefficient.
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The new left-hand side variable is defined as:
Based on this variable, a new regression is run, and a new set of dummy coefficients, and subsequently a new set of PPP biases, are estimated. The estimation results are given in Table 7 , column three. The PPP bias is also in this case a function of the coefficient of the logarithm of real income and the country dummy coefficient. In addition to this, it is now a function of the bias in the measured prices for food and nonfood items, and is given by:
where E f,j and E n,j are the biases in the measured prices for food and nonfood items, respectively. We have no method to identify the bias in all three prices at the same time, and it is assumed here that the bias in the price for food cancels out the bias in the nonfood price, i.e., that there is no bias in the relative price. Under this assumption, the bias is measured as expressed in equations (3) and (6) . This assumption is quite strong, and because we cannot identify all the biases, we cannot test whether this assumption is valid. However, we know that the estimated coefficient of relative prices is far lower than the coefficient of real income and thus, the major effect picked up by the country dummy coefficient is from the PPP bias. Despite this, it should be kept in mind that if the bias for the food price is larger than the bias for the nonfood price, the bias is overestimated. The opposite will be true if the bias for the nonfood price is larger than the bias for the food price. For the five countries in the study, the measured PPP bias is higher the lower the real income (see figure 14) . Also, in this case, a negative relationship between the PPP bias and real income can be displayed. Table 7 reports the Gini indices before and after the correction. The Gini index for these countries is 0.17 when using data from the PWT, whereas when correcting for the measured PPP biases, we get a substantial increase of the Gini index to around 0.30. As shown in figure 15 , the uncorrected price measures for these countries also Lorenz dominate the corrected 12 The corresponding price elasticity is approximately 0.68. This price elasticity is calculated as Figure 13 : Kernel regression. The Kernel relation using the Epanechnikov kernel smoother: the relationship between the budget share for food and the logarithm of real income when the effects from the other explanatory variables are differenced away. A tenth order differencing is conducted based on the optimal differencing weights proposed in Yatchew (2003) . The bandwidth is equal to 1.36149. The bandwidth used is found from the formula bandwidth = 0.15 * (max logrealcons − −min logrealcons ) where max logrealcons and min logrealcons are the maximum and minimum values of the real logarithm of expenditure, respectively. The bounds correspond to 95% confidence intervals. We see that for values of the logarithm of real income that are below 2.7 the curve is not precisely defined because of few observations and it is not clear whether the curve is linear in this part or not. However, to the right of this point, the curve is precisely defined and it is linear. (2) and the preferred specification are reported in the first column. The second column gives the estimates for the main model on the sub-sample of households with two children and two adults. Finally, the third column reports the estimates when relative prices are included. The model specification including relative prices is deduced from equation (1) Table 7 : The Gini indexes. The table shows the Gini indexes for the uncorrected PWT measures, the corrected measures based on the main model, the corrected measure based on the model estimating on the subsample of household with two children and two adults. In addition the two last columns give the uncorrected Gini index for the sample of OECD countries and the corrected Gini index when including relative prices for these countries.
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